A novel micro heat pipe array was used in solar panel cooling. Both of air-cooling and water-cooling conditions under nature convection condition were investigated in this paper. Compared with the ordinary solar panel, the maximum difference of the photoelectric conversion efficiency is 2.6%, the temperature reduces maximally by 4.7 , the ou ℃ tput power increases maximally by 8.4% for the solar panel with heat pipe using air-cooling, when the daily radiation value is 26.3 MJ. Compared with the solar panel with heat pipe using air-cooling, the maximum difference of the photoelectric conversion efficiency is 3%, the temperature reduces maximally by 8 , the output power increases maximally by 13.9% ℃ for the solar panel with heat pipe using water-cooling, when the daily radiation value is 21.9 MJ.
Introduction
Solar cell is the core component of photovoltaic power generation system. The photoelectric conversion efficiency of a solar cell is about 6-15% in commercial application [1] . Most of the radiation has been converted into heat, which results in high temperature of the solar cell and low efficiency even inefficiency. According to Weng et al [2] , the temperature increase of 1K corresponds to the reduction of the photoelectric conversion efficiency by 0.2%-0.5%. In addition, long-term high temperature of the solar cell will shorten its service life. Therefore, solar cell cooling is of essential importance.
Air-cooling and water-cooling methods are both commonly used in solar cell cooling [2] [3] [4] . Heat pipe cooling is deemed to be a promising cooling technology [5] [6] [7] . Moreover, there are large thermal contact resistance existing between conventional column heat pipe and flat solar panel, which will results in low heat transfer efficiency. The novel micro heat pipe array proposed by Zhao et al. [8, 9] has a good contact with the solar panel, as its flat shape. And the heat pipe has higher heat transfer efficiency and a uniform temperature distribution that can solve the solar panel cooling issue.
Experimental Setup and Scheme
The heat pipe consisted of two sections, evaporator section and condenser section. The input heat vaporized the liquid inside the evaporator section, transfer to the condenser section. The condenser section is cooled by air or water. Hence, the heat pipe can transfers the heat from solar panel to air or water, to reduces the temperature of the solar panel and improve the photoelectric conversion efficiency.
Experimental Setup
A silicon solar panel was used in this experiment, with its peak efficiency in the range of 10-15% under standard condition (25℃, 1000 W/m 2 ) , peak power of 10 W and an area of 0.0625 m 2 . The cooling setup is schematically shown in Figure 1 , which was setting up outdoor. The solar panel should face the south with a tilt angle of 45° [10] . Its total radiation area was 0.2049 m 2 . The air-cooling solar panel is shown in Figure 1(a) . The evaporator section of the heat pipe was adhered to the back of the solar panel with its length of 283 mm and width of 300 mm. The condenser section was exposed to the air with its length of 200 mm and width of 300 mm. The schematic of the water-cooling solar panels is shown in Figure 1 water flume and water tank are 40 × 25 × 385 mm and 280 × 280 × 280 mm, respectively. There is a distance of 170 mm between them.
Experimental Scheme
In order to discuss the main factors of the solar panel, the following parameters should be measured, such as the output power, the surface temperature and the photoelectric conversion efficiency. 1) Power output characteristics: Resistive load two -terminal test method was adopted, due to the small output current of the solar panel [11] . The test system is schematically shown in Figure 2 . Voltmeter and ammeter used were of type HC-300C-S-DV in range of 0-50 V and of type HC-300C-S-DA in range of 1-10A, respectively. A porcelain-type variable resistor (0-50 Ω, 150 W) was used as the load.
2) Weather parameter: A solarimeter was used to measure the real-time solar radiation intensity (W/m 2 ). A wind speed sensor (YS-CF-X/S) was used to measure the wind speed.
3) Temperature: Temperatures of the solar panel, ambience, the water flowing in and out the water flume, and the water in the tank was monitored. Some platinum resistances (HT101) and a data acquisition instrument (Agilent 34970A) were used to measure and acquire the realtime temperatures.
The photoelectric conversion efficiency is calculated as:
where, η e is the photoelectric conversion efficiency (%), P the output power (W), U the voltage (V), I the current (A), P in the solar radiation intensity (W/m 2 ), A t the total area of solar panel. In addition, the solar panels have been encapsulated, so the result calculated by Equation (1) is the photoelectric conversion efficiency of solar panel rather than the net efficiency of the solar cell. Figures 3-8 show the peak radiation intensity, power, temperature and photoelectric conversion efficiency from 10:00 to 14:00. Figures 3 and 6 show that the radiation intensity is the primary factor affecting the output power of solar panels under a certain load resistance condition. As the solar radiation intensity first increases and then decreases, the output powers of solar panels also decrease after the first increase. The highest points both appear at the same time range between 12:00 to 13:00. The output power of the solar panel with heat pipe using air-cooling increases maximumly by 8.4% and averagely by 6.3% compared with ordinary one, as shown in Figure 3 . The output power of solar panel with heat pipe using water-cooling increases maximumly by 13.9% and averagely by 9% compared with that using air-cooling, as shown in Figure 6 . Figures 4 and 7 show that the radiation intensity, air temperature and wind speed are the main factors affecting the temperature of the solar panel. As the solar radiation intensity first increases and then decreases, at the meanwhile, the temperature of the solar panel also decreases after the first increase with a little lag. The maximum temperature point appears at the time between 13:00 to 14:00. The temperature of solar panel with heat pipe using air-cooling reduces maximally by 4.7℃ and averagely by 1.5℃corresponds to the reduction of the photoelectric conversion efficiency by 0.2%, from 10:00 to 15:00 compared with ordinary one, as shown in Figure 4 . The temperature of the solar panel with heat pipe using water-cooling reduces maximally by 8℃ and averagely by 2.7℃ compared with that using air-cooling, as shown in Figure 7 . Figures 5 and 8 show that the radiation intensity and the temperature of the solar panel are the main factors that affecting the photoelectric conversion efficiency of solar panel. According to the data, the temperature increase of 1 K, the efficiency of solar panel with heat pipe using air-cooling increases maximally by 2.6% and averagely by 0.4% compared with ordinary one, as shown in Figure 5 . The temperature of solar panel with heat pipe using water-cooling increases maximally by 3% and averagely by 0.5% compared with that using air-cooling. The maximum efficiency of 13.5% can be achieved, as shown in Figure 8. 
Results and Discussion

Conclusions
A novel micro heat pipe array is used for solar panel cooling. Air-cooling and water-cooling methods used are compared in this study. The results indicate that under cooling condition, the temperature can be reduced to effectively increase the photoelectric conversion efficiency of solar panel.
1) Compared with the ordinary solar panel, the temperature of that using air-cooling reduces maximally by 4.7℃, the output power increases maximally by 8.4%, and the efficiency difference is 2.6% (In that day, the maximal air temperature and wind speed are 36℃ and 5.32 m/s ,the daily global radiation is 26.3 MJ).
2) Compared with the solar panel using air-cooling, the temperature of that using water-cooling reduces maximally by 8℃, the output power increases maximally by 13.9% and the efficiency difference is 3%. The maximum efficiency of 13.5% can be achieved (In that day, the maximal air temperature and wind speed are 35℃ and 4.72 m/s, the daily global radiation is 21.9 MJ).
